records were analyzed. The dominant type of apnea in SAHS patients was the obstructive type in all but 2 patients.
INTRODUCTION

IN-LABORATORY FULL POLYSOMNOGRAPHY (PSG) WITH MANUAL ANALYSIS IS CONSIDERED TO BE THE GOLD STANDARD FOR THE DIAGNOSIS OF SLEEP
APNEA-HYPOPNEA SYNDROME (SAHS). 1 However the procedure is labor intensive and time consuming, and the capacity for PSG is limited considering the high prevalence of SAHS. 2 Many portable recording devices intended to assess SAHS have been developed. The American Sleep Disorders Association has classified the recording devices into 4 categories of level 1 (standard polysomnography) to level 4 (single-or dual-bioparameter recording). 3 There is a trade-off relationship between accuracy and convenience.
Tracheal sound analysis has been used in some level 3 or level 4 devices. These devices detect periods of low tracheal sound intensity below an arbitrary threshold 4, 5, 6, 8 or quiet periods that separate 2 snores defined by a high-intensity sound above an arbitrary threshold. [7] [8] [9] The diagnostic accuracy of such a device has been reported to be relatively low when only 1 parameter from the tracheal sound analysis was employed. 9 Therefore, most of these devices utilize not only parameters from tracheal sound analysis, but also those from other cardiorespiratory signals to detect abnormal breathing events. [6] [7] [8] [9] Tracheal sound analysis is also useful for the quantification of snoring. 10 Moreover, Meslier et al 11 have demonstrated that tracheal sound analysis can be used to identify respiratory efforts. Therefore, tracheal sound analysis is considered to have excellent potential in the evaluation of sleep-disordered breathing.
We have developed a new system of tracheal sound analysis to detect sleep-disordered breathing, 12 which seems to be relatively accurate but has yet to be fully validated. The algorithm used in this system is unique in that rather than detecting periods of low sound intensity below a fixed threshold, it detects fluctuations in the power of the tracheal sound. The aim of this study is to validate the system in a large number of consecutive subjects with suspected OSAHS.
METHOD Subjects
The records of 418 consecutive patients who were referred for suspected SAHS and underwent diagnostic PSG from January 2002 to September 2003 were reviewed. Their presenting features included habitual snoring (n = 355), daytime sleepiness (n = 351), witnessed apnea (n = 346), and nocturnal choking (n = 140). All the PSG records were reviewed. Thirty-five patients with insufficient recordings were excluded, which included failures in records of respiratory movement (n = 15), airflow (n = 14), tracheal sound (n = 7), electroencephalogram (n = 2), and SpO 2 (n = 1). The reason for failure in tracheal sound recording was either failure of the microphone or uncoupling of the microphone from the skin. In the remaining 383 patients, the PSG Validation of a New System of Tracheal Sound Analysis for the Diagnosis of Sleep Apnea-Hypopnea Syndrome Hiroshi Nakano, MD, PhD; Makito Hayashi, MT; Etsuko Ohshima, MT; Nahoko Nishikata, MT; Toshimitsu Shinohara, MT Department of Pulmonology, National Minami-Fukuoka Chest Hospital, Fukuoka, Japan Study Objectives: To evaluate the validity of a novel method of using tracheal sound analysis for the diagnosis of sleep apnea-hypopnea syndrome. Design: Retrospective analysis in consecutive patients. Setting: A sleep clinic in a general hospital. Patients: A total of 383 patients who were referred for suspected sleep apnea-hypopnea syndrome and underwent diagnostic polysomnography with sufficient quality. Interventions: N/A. Measurements and Results: Ordinary polysomnography with simultaneous tracheal sound recording was performed. The apnea-hypopnea index (AHI) was calculated as the number of apnea and hypopnea events per hour of sleep. Tracheal sounds were digitized and recorded as power spectra. An automated computer program detected transient falls (TS-dip) in the time series of moving average of the logarithmic power of tracheal sound. We defined the tracheal sound-respiratory disturbance index (TS-RDI) as the number of TS-dips per hour of examination. We also calculated the oxygen desaturation index (the number of SaO 2 dips of at least 4% per hour of examination). The TS-RDI highly correlated with AHI (r = 0.93). The mean (± SD) difference between the TS-RDI and AHI was -8.4 ± 10.4. The diagnostic sensitivity and specificity of the TS-RDI when the same cutoff value was used as for AHI were 93% and 67% for the AHI cutoff value of 5 and 79% and 95% for the AHI cutoff value of 15. The agreement between the TS-RDI and AHI was better than that between the oxygen desaturation index and AHI. Conclusions: The fully automated tracheal sound analysis demonstrated a relatively high performance in the diagnosis of sleep apnea-hypopnea syndrome. We think that this method is useful for the portable monitoringrecords were analyzed. The dominant type of apnea in SAHS patients was the obstructive type in all but 2 patients.
Polysomnography
The sensors for PSG were fixed by well-trained technicians in the hospital, but the sensors were not monitored after the start of the recording. The study period was usually from 9 PM to 5 AM. PSG was recorded using a polygraph system (EEG7414, Nihon Kohden, Tokyo, Japan). Electroencephalogram (C3-A2), bilateral electrooculogram, submental electromyogram, electrocardiogram, and bilateral anterior tibial electromyogram were all recorded. Oronasal airflow was monitored with a thermistor. Thoracic and abdominal respiratory movements were monitored by inductive plethysmography (Respitrace, Ambulatory Monitoring Inc., Ardsley, NY USA), which was calibrated with an isovolume maneuver before the test. Oxyhemoglobin saturation was monitored using a pulse oximeter (OLV-3100, Nihon Kohden, Tokyo, Japan) with a sampling rate of 1 Hz. Tracheal sound was recorded from an air-coupled microphone (RP-VC3, Panasonic, Osaka, Japan) attached on the neck over the trachea ( Figure 1 ). The tracheal sound recording system was calibrated with a reference sound pressure (94 dB). All signals were digitized and recorded on the hard disk of a personal computer (PC).
Sleep stages were scored manually according to the standard criteria of Rechtschaffen and Kales. 13 Apnea was defined as an episode of airflow cessation lasting 10 seconds or longer. Hypopnea was defined by (1) a ≥ 50% reduction of amplitude in the respiratory inductance plethysmography (RIP) sum signal lasting 10 seconds or longer 1, 14 or (2) a discernible reduction (≥ 30% and < 50%; duration ≥ 10 seconds) in the RIP sum signal associated with a ≥ 3% oxygen desaturation or an electroencephalographic arousal. 1 The arousal was scored using the American Sleep Disorders Association criteria. 15 The scoring of apnea-hypopnea events was performed by automated detection based on the RIP amplitude criteria followed by a manual review that allowed for editing of the results. The reviewer was blinded to the results of the tracheal sound analysis, and the review of the apnea-hypopnea events was performed on the PC display with a montage that did not include the tracheal sound channel. The apnea-hypopnea index (AHI) was calculated as the number of apnea and hypopnea events per hour of sleep. Since it is considered that arousal scoring can reduce the precision of hypopnea scoring, 1 we employed 2 definitions for hypopnea to calculate the AHI: hypopnea-A, for AHI-A, was an event defined by the criteria defined in (1) above and hypopnea-B, for AHI-B, was an event defined by the criteria defined in (1) plus (2) above.
The oximetry data were analyzed automatically with a PC to detect any SaO 2 dip ≥ 4% lasting for 10 to 120 seconds with the descending portion steeper than 1% per 10 seconds. The oxygen desaturation index (ODI) was defined by the number of SaO 2 dips per hour of examination.
Analysis of Tracheal Sound
Tracheal sounds were analyzed using a PC-based compressed sound spectrograph system that we had developed for the analysis of snoring. 16 Briefly, tracheal sounds were digitized by the sound system incorporated in the PC at a sampling frequency of 11025 Hz, from which power spectra for the 1024 points were calculated using a fast Fourier transform and stored in the hard disk of the PC every 0.2 seconds on a real-time basis. The time series of the power spectra could be displayed in the form of a spectrogram (Figure 2 a) to check the quality of the recording. The system automatically detected snoring using the criteria in which a peak value of power spectral density over 70 dB per Hz within the frequency bandwidth of 100 to 300 Hz was defined as snoring.
From the stored spectral data, we detected breathing events using a fully automated PC program. 12 The procedure was as follows. The system calculated the sum of power spectra within the bandwidth of 400 to 600 Hz every 0.2 seconds and generated a time series of the sum. The time series data were logarithmically transformed (dB; Figure 2b ), and then weighted moving time averages of the logarithmic data were calculated every 2 seconds (Figure 2c ). The procedure of moving average was designed to have low-pass filter characteristics (cutoff frequency: 0.05 Hz). Transient falls in the moving averages, which satisfied the following definition of a tracheal sound dip (TS-dip), were detected. A TS-dip was defined as a fall by more than 12 dB in the moving averages lasting for equal to or less than 90 seconds with the descending and ascending portions steeper than 12 dB per 18 seconds. We defined the tracheal sound-respiratory disturbance index (TS-RDI) as the number of TS-dips per hour of examination. The algorithm and the threshold had been developed in a study 12 on another small series of patients (n = 33) with possible SAHS, where the definition of hypopnea was a ≥ 50% reduction of amplitude in the RIP sum signal (duration ≥ 10 seconds) associated with a ≥ 3% oxygen desaturation.
Statistical Analysis
The relationship between measures of the number of apnea and hypopneas and the TS-RDI was evaluated using Pearson correlation coefficient. The agreement between those data was analyzed as described by Bland and Altman. 17 The diagnostic ability of the TS-RDI for SAHS was evaluated in terms of sensitivity and specificity when SAHS was defined by AHI ≥ 5 or 15 and the TS-RDI cutoff values of 5 to 15 were used. For the comparisons between men and women and between TS-RDI and ODI, paired and unpaired Student t tests were used where applicable. The χ 2 test was used to compare percentages. 
RESULTS
Subject Characteristics
The characteristics of the subjects are shown in Table 1 
Bland and Altman Analysis
The mean ±1.96 SD difference between the TS-RDI and AHI-A was -2.9 ± 16.4, which was significantly smaller (P < .0001) than the difference between the ODI and AHI-A (-6.6 ±19.4). The mean ±1.96 SD difference between TS-RDI and AHI-B was -8.4 ± 20.3, which was also significantly smaller (P < .0001) than the difference between the ODI and AHI-B (-12.1 ± 21.1). Figure 4 shows the Bland and Altman plot for the TS-RDI and AHI. The mean differences between the TS-RDI and AHI-A and between the TS-RDI and AHI-B were not different between women and severity-matched men (P = .16, P = .62). BMI refers to body mass index; AI, apnea index; AHI-A, apnea-hypopnea index when the hypopnea was defined by ≥ 50% reduction in respiratory inductance plethysmography (RIP) amplitude; AHI-B, apneahypopnea index when the hypopnea was defined by ≥ 50% reduction in RIP amplitude or < 50% reduction in RIP amplitude with desaturation or arousal; ODI, oxygen desaturation index at the threshold of 4%; TS-RDI, respiratory disturbance index by tracheal sound analysis.
Validation of a New
Sensitivity and Specificity
The diagnostic abilities of the TS-RDI and ODI were evaluated with a receiver operating characteristic (ROC) curve relating sensitivity and specificity ( Figure 5 (Table 2) . Each value of the sensitivity was significantly greater than the sensitivity of the ODI for the same condition (P = .0001, P = .0002, P = .0001, P = .0015) ( Table 3 ). The diagnostic specificities of the TS-RDI at the cutoff value of 5 were 65% and 67% for the AHI-A cutoff values of 5 and AHI-B cutoff values of 5, respectively, which were significantly lower than the specificities of the ODI for the same conditions (P < .0001, P = .0001). The diagnostic specificities of the TS-RDI at the cutoff value of 15 were 92% and 95% for the AHI-A cutoff values of 15 and AHI-B cutoff values of 15, respectively, which were equivalent to the specificities of the ODI for the same conditions (P = .18, P = .76).
The positive likelihood ratios of TS-RDI were 2.7and 11.1 for the AHI-A cutoff values of 5 and 15 and were 2.8 and 16.5 for the AHI-B cutoff values of 5 and 15, respectively. The negative likelihood ratios of TS-RDI were respectively 0.069 and 0.086, and 0.109 and 0.218 for the same cutoff values as above.
DISCUSSION
We demonstrated that the new tracheal sound analysis system had a relatively high performance for the diagnosis of SAHS. The hardware of this system consists only of a microphone with an attachment and an ordinary PC. The recorded spectra data of tracheal sound can be displayed as a spectrograph to verify the quality of recording and can be automatically analyzed to calculate the TS-RDI as a surrogate parameter of the AHI.
The algorithm for detection of disordered breathing events is thought to be unique in the following points. First, it utilizes power spectra within the bandwidth of 400 to 600 Hz, which is dominant in tracheal sound and immune to contamination from heart sounds (< 100Hz) 18 and body movement sounds. Second, the system utilizes logarithmic transformation (dB) of the power spectra, and it can cover a broad range of sound intensity from sounds of normal breathing to the sound of snoring. Third, the system calculates moving average of the logarithmic power spectra to construct a smooth curve to ignore transient surges of the power spectra, which are often observed during apnea and hypopnea events. Finally, the system detects a fall (TS-dip) in the moving average curve, which is defined by a decrease of 12 dB from any point with a following increase of 12 dB. The definition does not use an absolute threshold but detects a relative change, which makes it possible to detect not only an apnea event preceded and followed by snoring, but also an apnea event without snoring and a hypopnea event.
The diagnostic ability of the tracheal sound analysis as a single-channel monitor for SAHS is estimated to be relatively high. The negative likelihood ratios for the AHI cutoff value of 5 were 0.069 (AHI-A) and 0.109 (AHI-B) , which means the test may be relatively useful for ruling out a diagnosis of SAHS. 19 The high performance was achieved by automated analysis, which contrasts to some results from previous studies evaluating multichannel portable monitors that revealed poor ability of the automated analysis. [20] [21] Most of the multichannel portable monitors utilize thermistors, the sensitivity of which can be influenced by any change in the breathing route 22 to detect apneas and hypopneas. In contrast, tracheal sound recording has an advantage that it is less influenced by the breathing route. The amplitude of breath sound on the chest wall is known to be proportional to the square of airflow, which means a decrease in airflow by 50% corresponds to a decrease in breath-sound intensity by 12 dB. Based on this relationship, we determined an a priori cutoff value (-12 dB) to detect disordered breathing events in the tracheal sound analysis. However, tracheal sound intensity is considered to be affected by changes in the upper-airway dimension 23 and the presence of snoring sounds, which implies that the tracheal sound intensity can change inversely to airflow. Actually, in our observation and in a previous report, 24 inspiratory tracheal sound tended to increase in intensity during hypopnea events, whereas expiratory breath sound usually decreased in intensity during hypopnea events. Tracheal sound during breaths preceding or following a hypopnea event was usually increased in intensity due to the presence of loud snoring or hyperventilation. As a result, the overall effect of hypopnea on the moving average of logarithmic tracheal sound power was a transient decrease in most cases (Figure 2 ). The threshold of 12 dB is thus rather arbitrary. The estimated diagnostic ability of the tracheal sound analysis was higher when AHI-A was used than when AHI-B was used as the diagnostic variable, which is reasonable because the definition of the hypopnea used when the algorithm of tracheal sound analysis was developed is more similar to hypopnea-A than to hypopnea-B. Therefore, it is possible that another cutoff value is more useful for the diagnosis of SAHS when the definition of hypopnea-B is used.
Oximetry alone is also thought to be a very easy and relatively accurate method as a screening tool for SAHS. 25 We compared the diagnostic performance of the TS-RDI with that of an oximetry-derived parameter (the ODI). The results suggest the tracheal sound analysis has higher sensitivity than oximetry for the screening of SAHS. On the other hand, specificity of ODI was very high. Therefore, we think both methods may have a complimentary role to each other.
There are several limitations in the present study. First, the study is not of a prospective but a retrospective design. However, we think there is little bias due to the retrospective design because we enrolled all the consecutive subjects who underwent PSG without a screening test. Second, the polysomnography was performed without the attendance of technicians. This resulted in insufficient records in 35 out of 418 patients (8.4%). We think this exclusion had only a small effect on the estimated validity of the tracheal sound analysis. Moreover the relatively low failure rate in tracheal sound recording (7 out of 418; 1.7%) in this setting may suggest the applicability of the system in home monitoring. Third, all the subjects were patients with symptoms suggestive of SAHS. Therefore the validity of the analysis is applicable only for these populations. Further validation studies in general populations will be needed. Finally, the sex distribution in this study is an important problem. Although the agreement between the TS-RDI and AHI was equivalent between men and women in this study, it will be desirable to validate the system in large number of women.
In conclusion, tracheal sound analysis is useful for screening for SAHS in subjects with symptoms. Tracheal sound analysis has potentials other than detection of apnea and hypopnea events. We believe tracheal sound is one of the most suitable signals for portable monitoring of OSAHS.
